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Abstract 
The transient electromagnetic (TEM) method will be influenced by shielding effect of the low-resistivity overburden 
layer. By adopting the smooth pseudo Wigner-Ville distribution (SPWD), the responses simulated with a finite-
difference time-domain method (FDTD) of D- and G-type models by a 2D line source and H-, A-, K- and Q-type 
models by a loop source are transformed to the time-frequency (T-F) plane. It is indicated that in low-resistivity, the 
TEM wave aggregates and will consume more energy, it transmits faster in high-resistivity layers but slower in low-
resistivity ones. For A-type models widely in distribution of the North China type coalfield of our country, energy of 
the TEM field has been almost depleted when arriving at the bottom interface (interfaces of Ordovician limestone and 
coal series) during the TEM exploration in this area, influence of the low resistive shielding layer shall be taken into 
full consideration, and relatively longer observing time window shall be selected to ensure the detection depth and 
high-power instruments shall be adopted to increase the signal-noise ratio during construction design.  
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1. Introduction  
During the exploration by electromagnetic method in coalfields, the target stratum or body of 
exploration are always overlaid by the low-resistivity layers, especially in the North China type coalfields 
of our country, where the most part of earth’s surface is overlaid by the low-resistivity Quaternary 
deposition layer with relatively large thickness of 100m generally and even 400-600m in some regions. 
Currently, most of the North China type coalfields have entered or are going to enter the deep mining 
stage, and the collapse column, minor water-conducting fault and etc. in the deep Ordovician limestone 
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are main objects of hydrological physical prospecting in coalfields in these regions. As a result, study on 
the interaction and interrelation between the low-resistivity overlying layer and the electromagnetic field 
is of great significance for the construction design, parameter selection and improvement of exploring 
precision during electromagnetic exploration in this region. Author of this article has ever discussed rules 
of the shielding effect, deceleration effect and etc. of the low-resistivity layer on the TEM field by the 
FDTD method (Shi X. X. et al, 2005ˈShi X. Xˈ2005). The article still takes the TEM method 
extensively used in the hydro-geological exploration in coalfields for example to analyze energy 
aggregation and consumption of the electromagnetic field in the low-resistivity layer with the T-F method 
and make the physical explanation for shielding effect of the low-resistivity layer from the angle of T-F 
analysis.
2. The joint time-frequency description of the transient electromagnetic signal 
Parameters of a numerous signals are of time variation in practical application since their spectrum 
structure is changing along with time; as a result, another analytical tool for time-varying spectrum is 
coming into being, namely, time-frequency analysis of signals. Although there being a popular saying that 
the creation of time-frequency analysis was caused by improving spectrogram or alternation approach of 
short-time Fourier; however, the actual motive subjects to having clear concept of physical significance 
and mathematic explanation for time-varying spectrum˄Wang H. Y., Qiu T S.,Chen J.. 2008˅. The 
basic thought of time-frequency analysis is to design joint function for time and frequency, depicting 
energy density or intensity for signals in various time and of different frequency. Joint function 
concerning time and frequency of this kind called time-frequency distribution in short. Time-frequency 
analytical method is absolutely different from Fourier Transform (FT), as FT is a type of integral 
alternation with signals completely been converted to frequency domain from time domain; time-
frequency localization characters of signals are hard to be expressed owing to the character of signals is 
either in time domain entirely or in frequency domain completely. Signals are at non-stationary state in 
many actual applications with its statistics (for instance, related function, power spectrum, etc.) are of 
time-varying functions. It is far than enough of getting to know the global characters of signals in time 
domain and frequency domain; the occurrence time and variation of certain frequency component for 
signals are generally wanted. Targeting at the shortcoming of FT, a series of brand-new analytical theory 
titled joint time-frequency analysis (JTFA) is raised and developed which wining great favor in signal 
processing over recent years˄Cohen L.1995ˈQian S. and Chen D 1996˅
TEM signal is the response of secondary eddy current field on the surface of lossy medium (the 
ground). Through utilizing the joint T-F analysis method, the time-domain signal can be expanded to the 
function taking time and frequency as variables, namely, joint T-F distribution function, various T-F 
distributions or presentations can be formed, and here, we adopt Wigner-Ville distribution to analyze the 
TEM signal. 
There are many varieties of joint time-frequency analysis method. Wigner-Ville distribution is a kind 
of quadratic(or bilinear) time-frequency representation. The attenuation and the propagation 
characteristics of the electromagnetic signal in different layer are different in the layered lossy medium, 
so the response signal we got from the settings is time varying. 
The Wigner-Ville distribution was originally developed for the area of quantum mechanics in 1932 
and was introduced for signal analysis by a French scientist Ville 15 years later. It is now commonly 
known in the signal processing community as the Wigner-Ville distribution(WVD). It is defined as the 
Fourier transform of the inner products of two signals˄Qian S. and Chen D 1996ˈZhang X. D., Bao 
Z.ˈ1998˅
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Because the time-dependent spectrum is described by the time-dependent auto-correlation function. the 
resolution of WVD is very high. And the auto-terms of WVD are always real number. It also has good 
properties such as time-shift and frequency modulation invariant; the spectrum of WVD is a kind of 
energy distribution in time-frequency two-dimensional plane of the signal,its physics is explicit. 
However,a main deficiency of the WVD is so-called cross-term interference. 
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Because the cross-term usually oscillates and its magnitude is twice as large as that of the auto-terms, 
it often obscures the useful time-dependent spectrum patterns. The cross-term in fact reflects the 
correlation of the corresponding pair of auto-terms. Its location and rate of oscillation are determined by 
time and frequency centers of the auto-term. The farther apart the auto-terms are,the less energy the cross-
term contains. If we know the positions of the auto-terms then we can precisely identify the 
corresponding cross-term,that is to say,we can eliminate the disturbance of the cross-term. 
The cross-term oscillates at very high frequency;therefore,we can wipe it off by smoothing the the 
Wigner-Ville distribution. The most simply way is to add a smooth window function in time 
domain,which is called pseudo Wigner-Ville distribution ˄Qian S. and Chen D ˈ1996˅:
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Where h(t) is a window function,its process in time domain can be translate into frequency domain: 
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Where ( )H Z  is the Fourier transform of the function h(t). However, smoothing will reduce the 
resolution. A trade of exists between the degree of smoothing and the resolution. The shorter the window 
function added is,the better the degree of smoothing in frequency domain will be.  
The PWVD is the smoothed WVD only in frequency,if it is also smoothed in time at the same time,the 
effect will be better. That is smoothed pseudo WVD,which is defined as follows (Yan S. et al, 2005): 
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When ( ) ( )g t tG ,it will turns into PWVD. Because the SPWVD is added smooth window in time 
domain, the disturbance of the cross-term is much lower. But usually, the cross-term interference is 
improved at the cost of lower resolution,and the loss of other useful properties,such as the time and 
frequency marginal condition. 
3. T-F Analysis on Typical Geo-electricity Models 
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In the research on electromagnetic depth measurement that of horizontal layered structure; different 
geo-electrical models are enabled to be divided upon the relative amount of electric resistivity for 
respective layer and the number of layers˄Li J.M.,2005˅. Suppose the electric resistivity of the upper 
layer for the 2-layer horizontal stratum is 1U  with the thickness is 1h , the electric resistivity of the lower 
layer is 2U  with the infinite thickness; the ratio on the electric resistivities for the two layers is 
1212 UUP  ; when 2U < 1U , that is 12P <1, geo-electric cross section is of D type; when 2U > 1U , that 
is 12P >1, G type; 5 parameters are included for 3-layer geo-electric cross section, namely 1U ǃ 2U ǃ
3U ǃ 1h and 2h ; 3-layer geo-electric cross section with 1U > 2U , 2U < 3U is H type, A type when 
1U < 2U < 3U ; K type if 1U < 2U , 2U > 3U ; Q type supposing 1U > 2U > 3U .
SPWVD analysis on two-layer ground 
First of all, responses of two-layer D- and G-type geo-electric sections by a 2D line source are 
simulated using FDTD method, in the two models, G-type is the one with overlying low-resistivity layer. 
Figure 1a and 1b are underground electric fields It can be seen that at the same time t = 0.5 ms, in D-type 
model the electric field reaches 600 m depth (see Figure 1a), but in G-type one it only reaches 300 m 
depth (Figure 2a). The fields aggregate in the conductive layer. From other hand, the ground, as a 
conductive medium, is dispersive, the electromagnetic wave transmits faster in high-resistivity bodies but 
slower in low-resistivity ones, which means that in case of an overlying low-resistivity layer, longer 
measurement time is required to explore the same depth. 
The induced EMF is measured in most central configuration TEM prospecting, which is an  
exponential attenuation curve along with time, and attenuating speed of the curve varies due to different 
geo-electric parameters of the models. These  attenuation curves can be expanded to the T-F plane (Figure 
1b and Figure 2b) with SPWVD. It can be observed on the SPWVD plane that energy distributions of D 
and G respectively are relatively strong at the early period, which is determined by TEM field’s universal 
nature of attenuating with time; however, along with the lapse of time and during the diffusion of TEM 
field toward underground in the following time, energy distribution in the T-F spectrum of D-type section 
(Figure 1) is strong and lasts long because base of D-type section is the low-resistivity layer; while the 
most energy of G-type section  (Figure 2) is centralized in the early period of time on the T-F spectrum 
corresponding to the low-resistivity surface layer, and the eddy current field aroused is particularly small 
in the high-resistivity layer corresponding to the late period of time, which shows that the energy of TEM 
field will aggregate and be consumed in the low-resistivity layer. Although the induced electromotive 
force of relatively large value can be observed on the surface of G-type model, it doesn’t mean that the 
penetration is relatively deep at this time. 
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(a)                                                    (b) 
Figure 1. SPWVD of D-type geo-electric model 
(a) Normalized electric field (inPV/A) in the earth at t = 0.5 ms, (b) SPWVD of EMF in the middle point of the source from t = 0.5 
ms to t = 40ms. 
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Figure 2.  SPWVD of G-type geo-electric model 
(a) Normalized electric field (inPV/A) in the earth at t = 0.5 ms, (b) SPWVD of EMF in the middle point of the source from t = 0.5 
ms to t = 40ms. 
SPWVD analysis on three-layer ground 
The above is the SPWVD analysis on TEM response curves of the two-layer ground, and the following 
is analysis made on energy spectrums of  the induced EMF curves of three-layer models by a loop source 
with 100 m side. 
It can be observed from Figure 3 to Figure 6 that although 
the different models (Figure 3a, 4a, 5a and 6a) have similar attenuation EMF curves, their SPWVD planes 
(Figure 3b, 4b, 5b and 6b) express different T-F spectrum. Take H-type section in Figure 3a for example, 
where the resistivity distribution is high, low and high from top to bottom; its T-F spectrum energy 
(Figure 3c) lasts longer than that of A-type section in Figure 4c where the resistivity distribution is low, 
high and higher (Figure 4a), but shorter than that of K-type section in Figure 5c whose resistivity is low, 
high and low, for base of K-type section is the low-resistivity layer (Figure 5a). Among these T-F 
spectrums, energy of Q-type section  in Figure 6c is strongest and lasts longest, because its resistivity 
distribution is high, low and lower from top to bottom (Figure 6a), facilitating formation of secondary 
eddy current in deep part, and the eddy current is relatively strong even in the base. Therefore when 
underlying target stratum is the low-resistivity layer, TEM method is more sensitive than general methods. 
But in case of a low-resistivity layer overlaying the target stratum to be explored, it is unfavorable to 
TEM method exploration because the overlying low-resistivity layer may form a shielding against the 
TEM field, which is the most common condition in hydro-geological exploration in North China type 
coalfields, where the approximate trend of resistivity change in strata is low (new stratum), high (coal 
series) and higher (Ordovician limestone base) from top to bottom, thereby from the angle of large 
formation, it belongs to A-type geo-electric section where energy of the electromagnetic field is mainly 
centralized in the surface layer. This is why during TEM exploration in North China type coalfields, the 
relatively strong TEM signal can be observed, but the detection depth is relatively shallow. 
4. Conclusions 
The TEM signal is transient and is suitable to be explained by the joint T-F analysis, which transforms 
the TEM time-domain signal to the T-F distribution (or expression) functions to show T-F characteristic 
of signal and provide more comprehensive and minute geo-electric information as well as more 
explanation basis for the TEM method. 
The joint T-F distribution characteristics of TEM signal is obviously corresponding to electrical 
characteristics of the geological structure. Energy variation in the T-F distribution reflects the distribution 
state of TEM secondary eddy current field; its strength attenuates along with the lapse of time, and high-
frequency compositions attenuate faster. Gradient variation of the energy attenuation is related to geo-
electric structure, that is, the variation is slow in case of low resistivity and large thickness of the stratum, 
and conversely, the energy is weak and the variation is fast. These have definite physical meanings to 
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aptly show substance of the low-resistivity’s shielding effect, which is favorable for qualitative analysis 
and quantitative explanation on the TEM signal. 
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Figure 3.  T-F analysis on the induced EMF curve of a H-type model by a loop source with 100 m side (a)Geo-electric section, 
(b)Induced EMF curve on the surface, (c) SPWVD plane of the EMF 
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 (a)                                                                               (b)                                                                   (c) 
Figure 4. T-F analysis on the induced EMF curve of a A-type model by a loop source with 100 m side 
(a) Geo-electric section, (b)Induced EMF curve on the surface, (c) SPWVD plane of the EMF 
 (a)                                                                               (b)                                                                   (c) 
Figure 5. T-F analysis on the induced EMF curve of a K-type model by a loop source with 100 m side 
(a) Geo-electric section, (b)Induced EMF curve of the surface, (c) SPWVD plane of the EMF curve of the EMF 
(a)                                                                               (b)                                                                   (c) 
Figure 6. T-F analysis on the induced EMF curve of a Q-type model by a loop source with 100 m side 
(a) Geo-electric section, (b)Induced EMF curve of the surface, (c) SPWVD plane of the EMF curve of the EMF
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